The CALIXTO (Carpathian Arc Lithosphere X-Tomography) experiment offers a dense, highquality data set to study the lithospheric/asthenospheric system underneath SE Romania, an earthquake-prone region in SE Europe. To increase the image resolution of structures in the uppermost mantle, the application of crustal traveltime corrections by a priori information before the teleseismic traveltime inversion has become a well-accepted procedure. For such a correction we present a regional 3-D crustal seismic velocity model that serves as the basis for a high-resolution teleseismic tomography (forthcoming paper by Martin et al.). Our 3-D crustal model is based on recent research in the region. We collect new results from two long-range seismic refraction lines, 3-D refraction tomography and teleseismic Ps conversions. Adding previously published models of the sediment distribution, Conrad and Moho depths, as well as crustal seismic P-wave velocities, we compile a 3-D crustal model for SE Romania. This 3-D model does not contain shallow small-scale heterogeneities (<10 km), but it reflects the largescale structures such as variations in sediment thickness, average seismic velocities and 3-D Moho depth. It is well suited for the correction of teleseismic traveltime residuals, a prerequisite for a high-resolution teleseismic tomography study: for example, traveltime delays of up to 1.3 s are caused by the almost 20-km thick layer of sediments in the Focsani Basin. Such delays are comparable to or larger in size than the expected upper mantle traveltime residuals.
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Black Sea Sea Sea V r a n c e a limitations, a tomographic experiment with mobile short-period and broad-band stations was carried out in 1999 as an international collaboration of the CALIXTO working group. The main objective of the experiment was to record a dense and high-quality data set for seismological studies that allows a detailed look at the upper mantle structure of this unique and highly interesting region (Wenzel et al. 1998) . In this first paper of a series of two on the lithosphericasthenospheric structure examined with high-resolution teleseismic body-wave tomography, we establish a regional 3-D crustal model for SE Romania based on several input data sets. Preliminary results from teleseismic tomography for SE Romania obtained with a subset of the CALIXTO data set (Martin et al. 2001) , using the ACH method (Aki et al. 1977) without applying sophisticated a priori 3-D crustal corrections, were strongly contaminated in the uppermost 100-150 km depth by a tremendous effect from crustal smearing. Thus these preliminary results emphasize the need for an a priori correction method, in this specific case of SE Romania with its strongly heterogeneous crustal velocity structure. Recent and comparable studies such as the TOR project Shomali et al. 2002) , the TRANSALP project (Waldhauser et al. 2002; Lippitsch et al. 2003) and the SVEKALAPKO project (Sandoval 2002; Sandoval et al. 2003) demonstrate the importance of a careful a priori correction of the teleseismic traveltime residuals caused by the 3-D crustal structure.
In general, the resolution in teleseismic tomography in the uppermost layers is limited owing to the restraints of the wavelength of the data and to the lack of ray crossfiring in the target volume, which arises from the discrete station spacing and the uneven epicentre distribution. The crust is mainly sampled by steeply incident rays that do not allow a backprojection of the resulting traveltime residuals into the correct depth range, and this inadequacy leads to a strong smearing of (crustal) seismic velocity anomalies downwards into the upper mantle. The degree of crustal smearing is closely connected to the deviations of the regional crustal structure from the 1-D background model that is used for the forward calculation of the traveltimes. In contrast to the 3-D crustal corrections that were used for high-resolution tomography in the three projects named above, there is also a more simple 1-D approach to reducing the undesirable effect of crustal smearing (e.g. Keyser et al. 2002) . In the latter case, the correction is based on a local 1-D velocity-depth model for each seismic station and a 1-D ray geometrical calculation of the traveltime residuals within the 1-D model.
Crustal models used for the correction of teleseismic traveltime residuals do not have to include each small-scale velocity anomaly of the region. Teleseismic compressional waves have a dominant frequency of about 1 Hz, which corresponds to a wavelength of 3-7 km within the crust. At first order the wave propagation is not very sensitive to small-scale heterogeneities and the related travel time anomalies, but can be treated as a second-order effect (Müller et al. 1992) . The two crucial factors for a crustal correction are the accurate sampling of the seismically slow Tertiary and Quaternary partly unconsolidated sediments and the depth of the boundary between the crust and upper mantle (Moho structure), where a large velocity contrast occurs. In the crystalline crust the velocity contrasts vary almost smoothly and are therefore hardly known in many regions. Such small velocity variations hardly influence the result of the correction procedure.
In SE Romania the crustal structure is highly complex because of its young and intense tectonic evolution. In the vicinity of the Vrancea region at least three distinct lithospheric blocks are present (Fig. 1) . Towards the northeast, the Carpathian orogen is attached to the East European Platform. Inside the Carpathian bending zone the Transylvanian Basin is located on the Tiszia-Dacia block, and towards the south the foreland is built by the Moesian Platform. Each of these units is characterized by different seismic velocitydepth distributions, as found in several comprehensive studies (e.g. Cornea et al. 1981; Raileanu et al. 1994; Radulian et al. 2000 , and references therein). The lithospheric plates can be further subdivided into smaller tectonic units such as the Scythian block, which is a part of the southern East European Platform.
The SE Carpathians consist mainly of sedimentary rocks (flysch), whereas in the E and S Carpathians crystalline units can also be observed at the surface (e.g. Sandulescu 1988 ). In the foreland, sedimentary strata occur, varying from a thickness of almost 0 km (e.g. in the Dobrogea region) to approximately 16-18 km in the Focsani Basin (Polonic 1996; Hauser et al. 2002) . The Focsani Basin has been the subject of many detailed analyses, mainly based on gravity modelling, seismic refraction or reflection lines (e.g. Cornea et al. 1981; Matenco et al. 1997; Stephenson et al. 2003) , to investigate the structure of this very deep basin located in front of the SE Carpathian bending zone. In the following we construct a 3-D crustal model for SE Romania and evaluate its influence on teleseismic traveltimes in three dimensions and one dimension. Then we search for a suitable treatment of the crustal corrections in the tomographic modelling with respect to the expected seismic velocity structure beneath SE Romania. shot points with Moho depth as derived from new CSS data (Hauser et al. 2001 (Hauser et al. , 2004 station locations (Vrancea99 and Vrancea01 seismic refraction experiments)
contoured Moho depth based on previously derived data (Radulescu 1988) Figure 2. Position of the two seismic refraction profiles Vrancea99 and Vrancea2001 (after Hauser et al. 2002) . The Moho depths from these controlled seismic source (CSS) profiles are indicated within the grey circles that represent the shotpoints of the refraction campaigns. The contour lines map the Moho depths after Radulescu (1988) .
Collaborative Research Centre 461 'Strong Earthquakes' at the University of Karlsruhe and the Romanian Group for Strong Vrancea Earthquakes, funded by German and Romanian research agencies (Wenzel 1997) . CALIXTO was a passive experiment with 110 mobile and 18 permanent stations to record local and teleseismic waveforms for crustal and mantle studies (Martin et al. 2001) . Two longrange seismic refraction lines, called Vrancea99 and Vrancea2001 (Hauser et al. 2001 (Hauser et al. , 2002 (Hauser et al. , 2003 Raileanu et al. 2005) , crosscut the crustal structure above the seismogenic volume in Vrancea along NNE-SSW and ESE-WNW strikes (Fig. 2) . During the 300-km long NNE-SSW-directed Vrancea99 experiment, all shots were simultaneously recorded along a 70-km-long E-W-oriented fan, aiming at a 3-D refraction tomography study (Landes et al. 2004) . The Vrancea2001 campaign covered a 460-km-long profile from the Black Sea into the Transylvanian Basin. The results from these long-range profiles provide accurate 2-D models of the compressional wave velocity (vp) distribution, including the position of the main crustal refractors, namely the base of the sedimentary cover as well as the upper-to-lower crustal and the crust-mantle boundaries, the Conrad and Moho discontinuities, respectively (Hauser et al. 2001 (Hauser et al. , 2002 (Hauser et al. , 2003 . The positions and shotpoints of the two lines are displayed in Fig. 2 . As background, the contoured Moho map from Radulescu (1988) and Radulescu & Cornea (1989) is shown. In the following, this Moho map serves as reference in areas without more recent information. Along the two long-range refraction profiles the crustal thickness from the resulting models is indicated at the shotpoints in Fig. 2 . Major differences between the background Moho map and the new models can be observed, indicating the need for an updated 3-D crustal model.
Moho depth derived from refraction seismic lines
Along the Vrancea99 profile (Fig. 2) , the crustal thickness of the Moesian Platform in the south is about 30 km, in agreement with the map of Radulescu (1988) . Between latitude 44.2
• N and 44.8
• N an increase to 40-42 km Moho depth can be observed in the Vrancea99 model, roughly shifted 50 km south relative to the isolines of the background Moho map. Towards the north there is no further thickening of the crust in the Vrancea99 data, whereas the Radulescu (1988) model shows 50 km crustal thickness between 45.5 • N and 46.0
• N. The northern part of the Vrancea99 profile is characterized by a slight decrease in crustal thickness to 38-40 km, while the model of Radulescu (1988) shows about 42.5 km Moho depth at the end of the Vrancea99 profile.
The second long-range profile, Vrancea2001, from WNW to ESE, starts east of the Apuseni Mountains. There the model of Hauser et al. (2003) has a crustal thickness of approximately 33 km and a smooth increase to 35 km towards the easternmost part of the Transylvanian Basin. As the line enters the Carpathian orogen at 25.5
• E, an increase to 38-39 km crustal thickness is found. While crossing the Focsani Basin, the Moho depth is almost constant at around 40 km depth. Before the profile enters the Dobrogea orogen, the crustal thickness increases to almost 43 km and levels between 43-44 km until the end of the profile close to the Black Sea. Contrary to the previous results by Radulescu (1988) no clear crustal root underneath the SE Carpathians bending zone can be identified. Instead, a continuous increase in crustal thickness from W to E is observed.
Moho depth derived from conversion studies
To extend the Moho model from the 2-D lines to a 3-D model we add results from P-to-S wave-conversion studies of steeply incoming rays from teleseismic earthquakes at the stations of the CALIXTO experiment and the GEOFON stations MLR and TIRR (Hanka & Kind 1994) (Fig. 3) . These receiver function results were obtained with the inversion method after Zhu & Kanamori (2000) . Technical details of this study can be found in Diehl et al. (2005) . Fig. 3 shows the results of the receiver function analysis for the 30 stations for which enough recordings from different earthquakes were available to allow a stable solution of the conversion interface. For the migration the regional vp models of the Vrancea99 and Vrancea2001 experiments were used. Minimum and maximum Moho depths were determined with a bootstrapping analysis using various subsets of input data and various input velocity models (Diehl & Ritter 2005) . Stations in the SE area between the SE Carpathians and the Dobrogea region as well as in the S-Carpathian foreland recorded no clear converted Ps signal from the Moho. Instead, the teleseismic wavefield is blurred by multiples from the shallow sedimentary layers or by a sharp intracrustal seismic velocity contrast (e.g. Conrad discontinuity).
The Moho of the East European Platform and the Scythian block is found between 37 and 43 km depth, whereas towards the E and SE Carpathian foreland the crustal thickness decreases slightly to 35.4-38.7 km (Fig. 3) . At stations inside the E Carpathians similar results are found, but with increased error bars. At stations located on the S Carpathian orogen the receiver function inversion gives Moho depths in a range between 37.9 and 45.7 km. South of the Carpathians the crustal thickness of the Moesian Platform is found to be between 27.7 and 36.7 km. This clear decrease towards the south . Especially in the case of the shallowest results, the correct identification of the conversions as signals generated at the Moho is questionable, and thus those results are neglected in our interpolated 3-D Moho map. Fig. 3 shows the new 3-D Moho map as the result of an interpolation among the various input data sets described above. The interpolation is forced to fit the results from the two refraction profiles, giving them the highest confidence. At the boundaries and in regions without new information the Moho map of Radulescu (1988) is used (Fig. 2) . The interpolation fits the results of the receiver function study within the given error bars, but unrealistic extreme Moho depths are excluded. The interpolation into three dimensions was determined by using a minimum-curvature algorithm (Smith & Wessel 1990 ), which does not allow major minima or maxima between given data points. It should be noted that the small crustal root underneath the northern E Carpathians is based on the boundary conditions (Radulescu 1988) , because the new experiments have no resolution in this region.
Near-surface velocity structure
A smoothed velocity-depth distribution of the uppermost sedimentary layers is derived from four distinct data sets. First, the upper boundary of the basement is taken from Polonic (1996) as shown in Fig. 4 . This model is based on borehole analyses and seismic modelling results. The deep sedimentary troughs around the Carpathians are clearly visible. The seismic velocity in the sedimentary layers is interpolated between the shallowest value and that of the deepest sedimentary layer. Second, the very shallow velocity structure in the upper 3 km corresponds to the average vp distribution along the two seismic refraction lines Vrancea99 and Vrancea2001 (regions surrounded by the black lines in Fig. 5 ). Third, for the central part between longitude 26.0
• E and 27.25
• E, and latitude 45
• N and 46.25
• N (area inside the dashed black frame in Fig. 5 ) the model of the refraction tomography study by Landes et al. (2004) is included. Its upper layers at 4.5 and 8.5 km depth provide a well-resolved vp model for the central Vrancea region. Fourth, outside these wellconstrained regions we take the mean vp from 1-D velocity-depth profiles of Radulian et al. (2000) . These authors divided the Romanian territory into regional polygons that roughly follow the outline of the different tectonic units or areas with similar lithospheric properties. The seismic velocities and layer thicknesses of these areas are based on results from borehole investigations, active seismic and earthquake studies. The resulting model summarizes most of the work that has been carried out in this region (Radulian et al. 2000 , and references therein).
The compiled and smoothed near-surface velocities are plotted with contour lines in Fig. 5 . The S and E Carpathians can be identified by the relatively fast vp of around 5.5 km s −1 (Carpathians and platform regions). To interpolate vp between the two seismic refraction lines, we apply a square-root relationship between the layer thickness and the vp differences. To get a rapid increase of vp with depth in the uppermost kilometres we use
with vp(z) as the velocity at depth z, v p(z base ) as the velocity directly above the basement (z base ), and v p(z 0 ) as the velocity at the surface (z 0 ). The velocity model determined with (1) is in good agreement with vp(z) at sites where detailed velocity-depth functions are well known from seismic refraction models. In Fig. 6 we show one example of vp(z) for a site at the W flank of the Focsani Basin (∼26.2 • E, 45.5
• N) with an extreme 3-D vp structure. The smooth interpolated vp(z) curve of the 3-D model (solid line) is very close to the seismic refraction model (dashed line). To test the influence of vp(z) on the teleseismic traveltime residuals we use a relatively flat ray of a nearby event (distance = 33
• , ray parameter p = 8.7 s/ • ) which has the most sensitive ray geometry in our dataset. The traveltime difference between the 1-D vp(z) taken from the 3-D crustal model and the 2-D refraction profile in Fig. 6 is about 3.8 × 10 −2 s. For near vertical incidence (e.g. ray geometry of teleseismic core phases with about 2 s/
• ) the traveltime difference is only 2.1 × 10 −3 s. Both differences are lower than the accuracy (∼ ±0.1 s) of the onset determination of the teleseismic phases of the CALIXTO experiment. The increase of the traveltime error with increasing ray parameter is mainly based on the deviations of the ray paths within the uppermost kilometres as described in (1). Because the information density of the input data becomes more averaged and less reliable at regions outside the well-constrained model centre, we expect a decrease in the accuracy towards the boundaries of the 3-D model. However, the (Hauser et al. 2001 (Hauser et al. , 2003 , the 3-D refraction tomography study in the dashed polygon (Landes et al. 2004 ) and the review study of Radulian et al. (2000) for various tectonic units as shown in Fig. 1. dominating effect due to the sediments with slow vp in the region of the Focsani Basin is well recovered. Teleseismic traveltime differences between the models are less than 4 × 10 −2 s for typical teleseismic ray parameters.
Set-up of the 3-D crustal velocity model
ture. The 3-D map with the Conrad discontinuity is mainly based on Radulescu (1988) . In regions with accurate information from the two new refraction seismic lines we slightly modified the Conrad depths of Radulescu (1988) to fit the new models. In the crystalline crust vp is linearly interpolated between 5.9 and 6.2 km s −1 in the upper crust and between 6.7 and 7.0 km s −1 in the lower crust according to Hauser et al. (2001 Hauser et al. ( , 2003 , who observed almost no lateral variations of vp. The uppermost mantle of the 3-D model has a constant vp value of 7.95 km s −1 , following Hauser et al. (2001 Hauser et al. ( , 2003 . Our final 3-D vp model in Fig. 7 displays the smoothed vp distribution of the main tectonic features of the region as the distribution is known at present. For the traveltime calculations this model is sampled at grid points that represent blocks with 1 km 3 volume and constant vp inside. Thus, undulations of the layer interfaces (basement, Conrad and Moho) and major velocity heterogeneities are sampled with sufficient accuracy for the teleseismic traveltime corrections.
EFFE C T S O N T E L E S E I S M I C T R AV E LT I M E R E S I D UA L S
For the case of SE Romania we determine 3-D crustal teleseismic traveltime residuals and compare these with a simpler 1-D approach to assess the accuracy that is required for a crustal correction of the CALIXTO tomographic data set.
3-D traveltime calculations
To calculate synthetic 3-D traveltimes of teleseismic waves in SE Romania we follow the approach developed by Waldhauser et al. (2002) . At its bottom, the 3-D crustal model is coupled to the IASP91 global 1-D earth model (Kennett & Engdahl 1991) . Traveltime residuals between this coupled model and the original 1-D IASP91 model are calculated with the finite-difference (FD) scheme after Podvin & Lecomte (1991) . This FD ray tracer calculates the teleseismic firstarrival wavefront. The actual station elevation of the CALIXTO experiment is included in the 3-D model and the traveltime residuals. Therefore, topography can be neglected for the latter parameterization for the tomographic inversion and only mantle residuals should remain in the dataset.
Approximate 1-D crustal corrections
Previous tomographic studies have dealt with simple 1-D station corrections for near-surface velocity heterogeneities. Such 1-D correction factors are based either on the optimization of the data variances in the inversion scheme (e.g. station statistics in the ACH code, see Evans & Achauer 1993) or on an averaged 1-D velocity structure beneath each seismic station (e.g. Dawson et al. 1990; Keyser et al. 2002) . We compare the 3-D correction with the second case, because also in this approach is an estimate of the local structure underneath a station required. However, the 3-D influences on the traveltime residual due to the different azimuths of the incoming teleseismic wavefronts are neglected in the 1-D approach. Thus all rays with the same ray parameter but from different backazimuths (BAZ) 'see' the same averaged local vp structure. A schematic description of this 1-D approximation is given in Fig. 8 . The subsurface of a seismic station is divided into layers with constant vp. For SE Romania we defined three layers for the lower crust, the upper crystalline crust and the sedimentary cover (L2-L4 in Fig. 8 ). In regions with complex, seismically slow Tertiary and Quarternary sediments one additional layer was introduced to include another near-surface layer (L1 in Fig. 8 ). This 1-D averaging per station is easily and quickly applicable for regions with only little a priori information. The input data are restricted to Moho depth, Conrad depth, depth to the basement, elevation and, if existent, to the thickness and average vp of the sediments. The seismic velocities below the sediments are constant (Fig. 8 ) but may vary in the lower crust to account for highpressure facies of deep crustal roots. For the traveltime calculation in the 1-D model, the ray-parameter-dependent equation (2) for a layered medium is used:
with t crust , the traveltime in the crust, composed of traveltimes through n layers i with layer thicknesses d i and average velocities v i for a specific ray parameter p. The traveltime residuals are calculated with respect to the IASP91 model (Kennett & Engdahl 1991) .
1-D versus 3-D crustal traveltime corrections
In this section we determine and compare the traveltime residuals caused by the crustal structure of SE Romania for the 1-D and the 3-D correction methods. The residuals at the CALIXTO stations are shown in Fig. 9 Engdahl et al. 1998) . Obviously, the dominant effect is based on the sedimentary structure in the Carpathian foreland. Stations located above the Focsani Basin have traveltime residuals of up to +1.3 s in both methods. Towards the south, the effects of a thinner crust in combination with thinning sedimentary layers cause a decrease in traveltime residuals in the 3-D crustal velocity model (Fig. 9a) (Fig. 9b) can be seen well for one nearby teleseismic event with relatively large incidence angle. Whereas the maximum positive and negative traveltime residuals in the region of the Focsani Basin and in the southern Dobrogea are comparable (difference less than 0.17 s), in most other areas the 1-D model shows a systematic overestimation of the crustal traveltime residuals between 0.2 and 0.5 s. Especially towards the NE (south of Iasi) and in the mountain area this effect is striking. Thus the different approximation and averaging procedures, which have to be done for the parametrization of the 1-D model, lead to a smearing of the structural contrasts between the different tectonic units.
To quantify the influence of the 3-D structure on the traveltime residuals relative to the 1-D approach, we compare the residuals from two events with the same epicentral distance but with almost opposite backazimuths (BAZs) (Fig. 10) . In complex 3-D structures the seismic wavefields propagate through different vp anomalies on their ways through the crust to the respective seismic stations. This is reflected in backazimuth-dependent residuals. In the case of two events with an epicentral distance of 34
• and BAZs of 89 A.) B.) up to 0.22 s due to the 3-D sediment structures NE of Bucharest. The second remarkable difference is observed SE of Brasov. There, the Moho depth varies laterally at short distances and reaches 44 km depth in our 3-D model (Fig. 3) . The traveltime difference due to this crustal thickening amounts to 0.2 s in the 3-D modelling. In the other regions the difference between the 1-D and 3-D corrections hardly exceeds 0.1 s (Fig. 10a ) and thus might not be noticeable within the accuracy of the traveltime determinations in teleseismic studies. For small incidence angles (<8 • at the Moho) no significant time difference between the 3-D and 1-D rays is observed across the whole region (Fig. 10b) . Such steep rays are observed, for example, from more distant events with PKP phases. For the example in Fig. 10(b) we use residuals from a PKPdf phase at epicentral distances of between 120
• and 125
• and with BAZs of 65 • (Solomon Islands) and 244
• (off coast of S Chile). In summary, we find that the complicated 3-D crustal structure in SE Romania requires 3-D crustal corrections, especially for direct teleseismic P phases with large incidence angles.
TOMO G R A P H I C I N V E R S I O N O F S Y N T H E T I C T R AV E LT I M E D ATA
Here we investigate the influence of the 1-D and 3-D traveltime corrections with the regional crustal velocity model for the event and station distribution of the CALIXTO experiment (Fig. 11) . We prepared three data sets in order to test the inversion performance for different crustal correction strategies. The data sets represent the status of no crustal correction, 3-D crustal correction, and 1-D crustal correction. In the following we describe the data set compilation, including an appropriate error estimation for the different data sets and the upper mantle velocity model that was used for the resolution tests. Finally, the results of the different correction strategies using the three data sets are discussed.
The synthetic data set consists of 194 events (155 events with direct P first arrivals and 39 events with PKP first arrivals) recorded at 110 seismic stations and corresponds to the real data set of Martin et al. (2005) . This data set consists of 12 674 traveltimes. The forward synthetic traveltimes are calculated with the ray-bending method after Steck & Prothero (1991) . In the first step we trace the rays through the 3-D synthetic velocity model described below and add the traveltime residuals obtained from the 3-D crustal vp model. In addition, Gaussian-distributed errors in the accuracy range of the onset determination of the CALIXTO data (σ = 0.1 s; Martin 2004) were added to the traveltimes to achieve a realistic data set. For the data set with 3-D crustal traveltime corrections we added another Gaussian error with σ = 0.2 s to the crustal traveltime signal to simulate the effect of the uncertainties of the crustal 3-D vp model. In contrast to the first-mentioned error, which represents the onset accuracy, the error term per station is constant for all events, as it depends only on the station subsurface and not on the individual onset times. The dependence of the traveltime errors on the incidence angle or ray parameter (see Sections 2.3 and 3.3 or Sandoval et al. 2003 ) is mimicked by a linear down-scaling of the maximum Gaussian error from 100 per cent for a ray parameter of 10 s/
• to a minimum of 10 per cent for an assumed ray parameter of 1 s/
• . This corresponds to a relative percentage decrease of the traveltime errors from 3.8 × 10 −2 s to 2.1 × 10 −3 s, as is observed in the example in Fig. 6 for a flat and steep incident ray, respectively (see Section 2.4). The standard deviation of the error distribution for the crustal velocity model is conservatively estimated to be 15 per cent of the maximum traveltime residual calculated for the 3-D crustal model (σ = 0.2 s at t = 1.3 s). For the 1-D corrected data set no additional error is added. In this case the error term is introduced by calculating the differences between the traveltime residuals, as they are obtained for the 3-D crustal velocity model relative to the approximated 1-D model. As a background model the IASP91 reference 1-D earth model (Kennett & Engdahl 1991 ) is used in the following inversions.
We test the resolution properties of the input data sets, which are based on the 1-D and 3-D correction approaches, with a simple synthetic upper mantle model (Fig. 12 ) that may be characteristic for SE Romania. The positive anomaly in the centre (+4 per cent vp, anomaly 1) represents a steep, detached slab-like structure that extends from 65 km down to 275 km depth. Between the Moho at 35 km depth and the top of anomaly 1 at 65 km depth there is no anomaly to determine the amount of smearing in the uppermost mantle. This area is of special importance in discriminateing between an undetached and a detached slab (Wenzel et al. 1998) . A second anomaly (−4 per cent vp, anomaly 2) in the NW part of the input model represents an upwelling of asthenospheric material underneath a volcanic region similar to the Neogene volcanic region in Romania (e.g. South Harghita mountains). A shallow anomaly at 35-100 km depth is introduced in layers 3 and 4 to test the limit of the spatial resolution of different lithospheric blocks (anomaly 3). The whole input model is laterally parametrized with 42 × 42 km 2 wide blocks. The vertical extension of the layers increases from 15 to 45 km in the crust and uppermost mantel above 225 km depth to 50 km at 225-425 km depth (Fig. 12) . The model consists of 14 336 blocks, but only 3409 of them are hit by a minimum number of five rays per block and are therefore used during inversion. The overdetermination factor for the inverse problem becomes 3.72. A damping factor of θ 2 = 120 s 2 was applied. In the discussion of the inversion results we limit ourselves to the uppermost 250 km since we focus our interest on the upper part of the model.
We calculated four different inversions (A-D) by using an iterative non-linear scheme (Weiland et al. 1995 , last modified by E. Kissling 2002 . The inversion results in Figs 13(a)-(d) show vertical slices from NW to SE through the model centre which cut the three anomalies described above. The results are presented after three iterations, because in all cases no significant variance improvement could be achieved for additional iterations, and the inversion scheme starts to fit the noise in the data to the model parameters.
The first case (Fig. 13a) shows the inversion of the uncorrected data set. No crustal correction is applied and all blocks are freely determined during the inversion. If the resolving power within the shallow layers is sufficient, all anomalies that stem from the 3-D crustal velocity model should be recovered at the right places. Obviously this is not the case in Fig. 13(a) , and the strong crustal low-vp anomalies from the basin structures are smeared downwards over the whole crust into the upper mantle towards the SE, reaching up to 140 km depth. The SE direction of smearing coincides with a lessresolved region in which the number of rays per block is reduced (<10). The strong smearing produces not only the low-velocity artefact at 35-140 km depth, but in addition it leads to a downwrap of the top of the high-velocity anomaly 1 from 65 km down to 100 km depth. Even in the deeper layers the consequences of the smearing are obvious: the high-velocity anomaly 1 bulges and its velocity perturbation is not homogeneous but oscillates between +2 and +5 per cent between the layers. The high-velocity anomaly within the crust at distance 125-200 km in Fig. 13 (a) (originating from the Carpathian orogen in the 3-D crustal model) is also smeared into the upper mantle layers towards the NW. Again the smearing occurs along the rays through a less-resolved region. The deeper low-velocity anomaly 2 in the NW region is not much affected by smearing from above. The top of anomaly 2 is slightly smeared into the layer above and the NW uppermost part of anomaly 2 is not well resolved. This effect is caused by the poor resolving power towards the model boundaries caused by a reduced number of intersecting rays per block (10-30). The combined effect of unresolved crustal anomalies and the few rays at the model boundaries mean that the shallow low-velocity anomaly 3 in the SE is not resolved in Fig. 13 (a) (only 3-10 rays per block).
In the second case (Fig. 13b) we applied the traditionally preferred inversion strategy for crust-corrected high-resolution tomographic studies (e.g. Arlitt 1999; Lippitsch et al. 2003; Sandoval 2002) . In this approach the crustal structure is considered as well known and the traveltime effects are completely corrected by the 3-D crustal velocity model. Consequently, the velocity parameters for the crustal blocks are kept fixed during the inversion and no velocity perturbations can be imaged in the crustal layers. For the shallow low-velocity anomaly 3 in the SE we observe an improved fit of the perturbation amplitude (Fig. 13b) , although the anomaly is smeared down towards the NW. This improvement is in agreement with modelling results from Sandoval et al. (2003) , where the fixing of the crustal blocks during the inversion resulted in a better recovery of the perturbation amplitude of anomalies in the uppermost mantle layers. In contrast to this improvement, anomalies 1 and 2, which do not reach the Moho in the input model, are smeared upwards to the crust. Consequently, the perturbation amplitude in the upper part of the anomalies is significantly reduced in both cases. The smearing of anomaly 1 into layer 3 between 35 and 65 km depth is stronger towards the NW than towards the SE, because the data set is biased towards the NE where events occur preferentially (Fig. 11) . The oscillation of the perturbation amplitude of anomaly 1, as observed in Fig. 13(a) , is prevented by the crustal correction. However, the bulged smearing can lead to a possible misinterpretation as a NW to SE subducted slab structure, whereas the synthetic input model contains a vertical anomaly. Thus the inversion result in Fig. 13(b) does not allow a detached slab to be identified. Owing to the sparse ray sampling at the edge of the model, anomaly 2 is smeared upwards to the Moho and appears as two separate anomalies (Fig. 13b) .
In the third inversion (Fig. 13c) we apply the same 3-D crustal corrections as in the second case, but the crustal blocks are not fixed during the inversion. Obviously, the upward smearing of the anomalies towards the Moho is suppressed for anomaly 1 and strongly reduced for anomaly 2. Only a slight projection of the input anomalies 1-3 into the upper crustal layer is visible. There the resolution is very low and the inversion algorithm places all unexplained input data into the model space. However, no significant loss of the input perturbation amplitudes is found except for anomaly 3. Compared with the first and second inversions above, anomaly 1 is very uniform in terms of its perturbation amplitude and positioning. Its image may be correctly interpreted as a vertical detached slab. The perturbation amplitude of the shallow anomaly 3 is slightly reduced in Fig. 13 (c) compared with Fig. 13(b) , but the smearing down into the upper mantle seems to be suppressed.
Finally, the approximated 1-D crustal corrections are used in the fourth inversion (Fig. 13d) . As a consequence of the results from inversions two and three, the crustal layers are not fixed during the inversion. A second reason for this is the expected worse agreement of the corrected traveltime residuals for this 1-D case as compared with the 3-D correction. Therefore Fig. 13(d) should be compared with Fig. 13(c) to assess the differences between 1-D and 3-D crustal corrections in our case. The 1-D correction of the crustal features works quite well (Fig. 13d) . For example, anomaly 3 is best recovered in this image. SE of anomaly 1 there is a small low-velocity anomaly originating from the strong negative crustal anomaly that is not fully corrected by the 1-D procedure. In the poorly resolved NW region beneath 100 km depth a downward smearing of a positive anomaly is observed. This can be linked to an incomplete correction of the synthetic crustal high-velocity region associated with the Carpathian orogen (comparable to Fig. 13a at 0-100 km depth) . Within the crustal layers in Fig. 13(d) significant left-overs from the crustal input model are observed, which reflect the incomplete correction of the 1-D approximations. Obviously, this incomplete correction leads to a downwrap of the top sides of anomalies 1 and 2 as in the first inversion. In any case, the deeper part of anomaly 2 is well resolved, unlike the perturbation amplitude of anomaly 1 which oscillates between the layers. The high-velocity anomaly 1 is broadened in the depth range between 100 and 140 km, but is clearly offset from the Moho, showing a detached vertical slab (Fig. 13d) .
DISC U S S I O N A N D C O N C L U S I O N
We have compiled new results from long-range seismic refraction lines and receiver function studies in SE Romania to derive an updated 3-D crustal vp model and Moho map. This Moho map (Fig. 3 ) shows significant differences from previously compiled models (e.g. Radulescu 1988 ). The main difference is the absence of a prominent crustal root beneath the SE Carpathians, which was suggested by Radulescu (1988) with more than 50 km crustal thickness. Our Moho model for the SE Carpathians coincides with results from recent gravity modelling (Lillie et al. 1994; Szafian 1999) , in which the Moho depth underneath the SE Carpathians is about 40 km to fit the observed gravity signal. Based mainly on the results of the Vrancea2001 refraction profile of Hauser et al. (2003) , our 3-D Moho model contains a continuous crustal thickening from the Transylvanian Basin (33 km) towards the Dobrogea region (44 km). The maximum crustal thickness within our 3-D model (44-46 km) is derived from the receiver function analysis of Diehl et al. (2005) for the SE Carpathians beneath the GEOFON station MLR, which supports a crustal thickening there, but one that is much less than the value reported by Radulescu (1988) and .
The vp structure of the sedimentary basins in SE Romania is dominated by the seismically slow and thick sedimentary cover of the Focsani Basin as well as by regions with shallow sediments and slow vp in the Carpathian foreland, mainly NE of Bucharest, and inside the Transylvanian Basin. The Dobrogrea region, the East European Platform and the crystalline Carpathian orogen are characterized by increased seismic velocities close to the surface.
The use of a 3-D finite-difference first-arrival ray-tracing scheme and the interpolated 3-D crustal velocity model enables a precise calculation of traveltimes through the crust in SE Romania. Thus, the contribution of crustal structure to the teleseismic traveltime residuals can be determined separately and used for a 3-D crustal correction of the CALIXTO tomography data set. The determined crustal traveltime residuals range between +1.3 s (Focsani Basin) and −0.2 s (Dobrogea region and Romanian-Bulgarian border region) as a consequence of the thick sedimentary basins, very fast near-surface velocity structures, and the thinner crust compared with the IASP91 earth model. The importance of 3-D crustal ray tracing is studied by the calculation of traveltime residuals for events with opposite BAZs and large ray parameters. For the 3-D crustal model in SE Romania the traveltime differences amount to ±0.2 s in regions with strong 3-D crustal heterogeneities. These differences occur at the edges of the sedimentary basins and in the mountain area and demonstrate the need for a full 3-D correction method to avoid instabilities in the results for the upper mantle tomography.
With synthetic modelling we further demonstrate the requirement of an a priori crustal correction for a high-resolution tomographic study of the upper mantle below SE Romania, and compare the influence of different correction strategies (Fig. 13 ). An input model with three anomalies is tested. The inversions of the uncorrected and the 1-D corrected data sets show that the upper mantle structure is contaminated by anomalies generated from the crustal traveltime residuals. In the case of the 1-D corrected tomography, the smearing of remaining crustal velocity anomalies into the shallow upper mantle layers is reduced, but the input velocity anomalies oscillate in perturbation amplitude and become bulged in shape (Fig. 13d) . In the case of a smoothly varying crustal velocity structure the 1-D approach might be an acceptable alternative to the more sophisticated 3-D approach, but for SE Romania the deterioration of the tomographic performance clearly prohibits the application of the 1-D approach to the CALIXTO data set.
Surprisingly, the handling of the crustal layers during tomographic inversion with the 3-D corrected data set is important for the resolution of mantle anomalies. Fixing the a priori well-known model parameters during the inversion causes smearing of upper mantle velocity anomalies upwards to the Moho and a decrease of the perturbation amplitude of the anomalies (Fig. 13b) . Although the recovery of the perturbation amplitude of the anomalies, which are located directly beneath the Moho, is improved compared with the inversion without crustal correction, the smearing is a severe disadvantage and might lead to misinterpretations of structures. For example, in our synthetic example an already detached vertical slab might be misinterpreted as an inclined slab that is still attached. The best resolution of upper mantle anomalies is achieved by inverting all model parameters including the crustal blocks. The small remaining uncertainties are projected into the less well-resolved crustal layers, and thereby the results for the whole model volume are stabilized. Obviously, no large anomalies are projected into the crust and only a small loss of the perturbation amplitude of very shallow mantle anomalies must be tolerated (Fig. 13c) . Thus, in cases in which the upper limit of an upper mantle anomaly is a crucial point, such as, for example, an investigation of the upper mantle velocity structure of the intermediate-depth earthquake source region in SE Romania, we suggest this correction strategy as the preferred method. Consequently, the perturbations that are found in the crust should not be interpreted. They reflect remaining uncorrected crustal features or structures from poorly resolved parts of the model space.
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